Introduction
Pulmonary arterial hypertension (PAH) is a severe progressive cardiopulmonary disorder that carries a high mortality rate, for which there is no cure at this time (1) . Pulmonary endothelial cell (EC) injury and dysfunction as well as aberrant vascular wall cell accumulation are strongly suspected to be key contributing factors in initiating and mediating pulmonary vascular remodeling in human PAH (2) (3) (4) (5) (6) (7) . In addition, it is now well established that a complex interplay of genetic and environmental factors facilitates the onset and progression of the disease (8) .
PAH can be induced by exposure to drugs or toxins, particularly to appetite suppressant drugs (i.e., aminorex, fenfluramine derivatives, and benfluorex), amphetamines, and dasatinib, an oral ATP-competitive inhibitor of tyrosine kinases (TKI) (8, 9) . Dasatinib is presently approved for first-line treatment of Philadelphia-positive chronic myelogenous leukemia (CML) and for all phases of Philadelphia-positive CML with resistance or intolerance to prior therapy, including imatinib. Dasatinib is a second-generation TKI that is more potent than imatinib on BCR-ABL, c-Kit, and PDGFR, and, in contrast to imatinib, on Src family kinases (10) . The lowest incidence of PAH occurring in patients exposed to dasatinib in France was estimated in 2012 at 0.45% (9) . Notably, rapid clinical, functional, or hemodynamic improvements are often observed within 4 months of dasatinib discontinuation (9) . These observations support the notion that dasatinib-induced PAH may be at least in part reversible. In addition, the specific cellular events and signaling pathways that trigger the structural and functional pulmonary vascular remodeling are unknown. As a result, we lack effective marker-based screening strategies and mechanism-based treatment options for PAH occurring in dasatinib-treated patients. In addition, a better understanding of mechanisms involved in dasatinib-induced PAH would not only help to ameliorate the management of dasatinib-treated patients, but also would improve our knowledge about the pathomechanisms underlying PAH development.
In this study, we determined whether (a) chronic treatment of rats with dasatinib causes changes in pulmonary hemodynamics and pulmonary vascular structures; (b) pretreatment of rats with dasatinib exaggerates the response to monocrotaline (MCT) administration and exposure to chronic hypoxia (CHx), 2 inducers of pulmonary vascular remodeling; (c) dasatinib treatment causes Pulmonary arterial hypertension (PAH) is a life-threatening disease that can be induced by dasatinib, a dual Src and BCR-ABL tyrosine kinase inhibitor that is used to treat chronic myelogenous leukemia (CML). Today, key questions remain regarding the mechanisms involved in the long-term development of dasatinib-induced PAH. Here, we demonstrated that chronic dasatinib therapy causes pulmonary endothelial damage in humans and rodents. We found that dasatinib treatment attenuated hypoxic pulmonary vasoconstriction responses and increased susceptibility to experimental pulmonary hypertension (PH) in rats, but these effects were absent in rats treated with imatinib, another BCR-ABL tyrosine kinase inhibitor. Furthermore, dasatinib treatment induced pulmonary endothelial cell apoptosis in a dose-dependent manner, while imatinib did not. Dasatinib treatment mediated endothelial cell dysfunction via increased production of ROS that was independent of Src family kinases. Consistent with these findings, we observed elevations in markers of endothelial dysfunction and vascular damage in the serum of CML patients who were treated with dasatinib, compared with CML patients treated with imatinib. Taken together, our findings indicate that dasatinib causes pulmonary vascular damage, induction of ER stress, and mitochondrial ROS production, which leads to increased susceptibility to PH development.
Dasatinib induces lung vascular toxicity and predisposes to pulmonary hypertension Figure 1 . Pretreatment of rats with dasatinib confers an exaggerated response to monocrotaline (MCT) and chronic hypoxia (CHx), 2 inducers of experimental pulmonary hypertension in vivo. (A) Rodent models used to study the in vivo effects of dasatinib on pulmonary hemodynamic parameters and vascular remodeling: chronic treatment group (group A) and pretreatment group (group B). (B-D) Values of mean pulmonary arterial pressure (PAP) (B), Fulton index (C), and cardiac output (D) in vehicle-, dasatinib-, and imatinib-treated rats. (E) Representative images of H&E-and α-smooth muscle (SM) actin-stained sections of distal pulmonary arteries in vehicle-, dasatinib-, and imatinib-treated rats. (F and G) Quantification of the percentage of muscularized pulmonary arteries (F) and wall thickness (G) in lungs of vehicle-, dasatinib-, and imatinib-treated rats. Horizontal lines display the mean ± SEM (n = 5-6). **P < 0.01, ***P < 0.001 vs. vehicle-treated rats; # P < 0.05, ## P < 0.01, ### P < 0.001 vs. vehicle-treated rats exposed to MCT or to CHx. Scale bars: 20 μm.
Taken together, our results showed that dasatinib at a clinically relevant dose (1×) does not lead to PH, but can predispose to its development, a phenomenon more pronounced with the high dose of dasatinib (10×) and not observed with imatinib. These observations strongly support the notion that dasatinib treatment modulates PH-predisposing factors that contribute to the exaggerated MCT-or chronic hypoxia-induced PH in vivo.
Dasatinib treatment causes pulmonary EC dysfunction in vivo. Since pulmonary EC damage/dysfunction is a key pathophysiological mechanism that could be detrimental for disease susceptibility and development of pulmonary vascular remodeling in PAH (3, 5) , we investigated the in vivo effects of dasatinib on pulmonary endothelial functions.
To this aim, we first examined the effects of vehicle, dasatinib, and imatinib treatment on acute hypoxic pulmonary vasoconstriction (HPV) in vivo, an essential physiological mechanism adapting lung perfusion to regional ventilation that depends critically on the function of the pulmonary endothelium (13) . We found that rats treated with dasatinib (10×) exhibited a blunted HPV when compared with rats treated with vehicle, the low dose of dasatinib, or imatinib ( Figure 2A ). Indeed, we did not find a significant increase in mPAP after acute hypoxia exposure in rats treated with the high dose of dasatinib compared with the other groups, which displayed a quasinormal HPV (Figure 2A) .
Furthermore, we found that in vivo chronic dasatinib treatment led to a substantial increase in levels of key serum markers of endothelial dysfunction and damage or of vascular injury named soluble ICAM-1 (sICAM-1), soluble VCAM-1 (sVCAM-1), and soluble E-selectin (sE-selectin) in rats treated with 1× of dasatinib when compared with imatinib-or vehicle-treated rats, a phenomenon that was even more pronounced at a dose of 10× ( Figure 2B ).
One aspect of vascular dysfunction and damage is the EC activation characterized by the expression of adhesion molecules. Confocal microscopic analyses were then used to investigate their protein levels in pulmonary ECs in rat lung specimens. Double labeling with the endothelial marker Tie2 and either ICAM-1, VCAM-1, or E-selectin showed a substantial increased expression of the 3 adhesion molecules in dasatinib-treated rats compared with vehicle-or imatinib-treated rats ( Figure 2C ).
Since damage of ECs can result from conditions that stress the ER and induce a signaling network termed unfolded protein response (UPR) that can play a potential role in the initiation and progression of the disease (14-18), we next examined whether dasatinib could lead to UPR activation in these rat lung specimens treated with dasatinib when compared with those exposed to imatinib. We found that dasatinib treatment led to an increase in the molecular chaperone glucose-regulated protein 78 (GRP78) in rat lung homogenates ( Figure  2D ). In addition, our results showed that in vivo treatment with dasatinib led to a significant increase in the expression of the cleaved form of activating transcription factor 6 (ATF6) and X-box-binding protein 1 (XBP1) and to a significant decrease in the phosphorylated form of eukaryotic initiation factor (eIF2α) ( Figure 2E ) compared with vehicle and imatinib treatments. These results strongly suggest that dasatinib treatment induces an abnormal activation of the 3 main UPR-dependent pathways, namely ATF6, protein kinase RNA-like ER kinase (PERK), and inositol-requiring enzyme 1α (IRE1α) axes, respectively, and in the chaperone GRP78 involved in these pathways. pulmonary EC dysfunction in vivo and in vitro using primary cultures of human pulmonary ECs; (d) dasatinib-induced pulmonary EC damage/dysfunction involves Src-dependent or -independent mechanisms; (e) dasatinib can lead to the generation of ROS both in vitro and in vivo; and (f) dasatinib treatment may cause pulmonary endothelial dysfunction or vascular damage in humans, via assessment of serum levels of soluble damage markers. In order to answer these questions, imatinib, another TKI used as first-line treatment for leukemia but not associated with PAH, was used as a TKI control in our in vivo and in vitro studies.
Results
Pretreatment of rats with dasatinib exaggerates the response to MCT administration and exposure to chronic hypoxia, 2 inducers of pulmonary vascular remodeling. To determine the in vivo effects of dasatinib on pulmonary hemodynamic parameters and vascular remodeling, 4-week-old male Wistar rats weighing 100 g were divided into 2 main groups: group A, the chronic treatment group, in which rats were treated with daily i.p. injections of vehicle (DMSO), dasatinib, or imatinib (as previously described in refs. 11, 12) for 4 weeks ( Figure 1A) ; and group B, the pretreatment group, in which rats were pretreated for 1 week with daily i.p. injections of dasatinib, imatinib, or vehicle and then randomly divided in 2 groups for pulmonary hypertension (PH) induction: MCT injection or chronic hypoxia exposure for 3 weeks ( Figure 1A ). Prior to this in vivo study, a pharmacokinetic study of dasatinib was performed in rats, indicating that 1 mg/kg/d of dasatinib i.p. is close to the clinically relevant dose (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI86249DS1). For this dose, the peak concentration of dasatinib was observed approximately 1 hour after i.p. administration with a maximum concentration observed (C max ) of 92 ± 21 ng/ml. Furthermore, the value of dasatinib returned to levels similar to the pre-dose after 24 hours (Supplemental Figure 1) . On the basis of the above observations and because side effects are very often transient and dose-related, we chose in our study a 1× and 10× clinically relevant dose of dasatinib, namely 1 and 10 mg/kg/d.
We demonstrated that dasatinib-pretreated rats (group B) developed an exaggerated response to MCT-and chronic hypoxia-induced PH, in contrast to the chronic treatment group (group A), in which no hemodynamic changes were observed (Figure 1 , B-G). Indeed, we found in dasatinib-pretreated rats, when compared with vehicle-or imatinib-pretreated rats, a substantial increase in hemodynamics (mean pulmonary arterial pressure, or mPAP; Figure 1B Representative Western blots and quantification of the glucose-regulated protein 78 (GRP78)/β-actin ratio (D) and of the cleaved activating transcription factor 6 (ATF6)/β-actin ratio, the X-box-binding protein 1 (XBP1)/β-actin ratio, and the phospho-eukaryotic initiation factor 2α (eIF2α)/eIF2α ratio (E) in lungs of vehicle-, dasatinib-, and imatinib-treated rats. Horizontal lines display the mean ± SEM (n = 4-9). *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle-treated rats or baseline; # P < 0.05, ## jci.org Volume 126 Number 9 September 2016 ment led to pulmonary EC apoptosis in a dose-dependent manner ( Figure 3) . A significant increase in apoptotic cells was found at 40 nM and was even more pronounced at 400 nM as assessed by caspase-3/7 activity ( Figure 3B ), Hoechst staining ( Figure 3C ), staining with annexin V and propidium iodide by flow cytometry ( Figure 3D ), and TUNEL ( Figure 3E ), in contrast to vehicle-and imatinib-treated cells. Consistently with these findings, we noted a substantial decrease in cell number at 16 hours in dasatinib-treated cells in contrast to vehicle-and imatinib-treated cells (Supplemental Figure 3) . We then investigated the underlying molecular mechanisms responsible for dasatinib-induced apoptosis in pulmonary ECs. Since it is known that dasatinib strongly inhibits the Src kinases, Altogether, our in vivo findings demonstrate that dasatinib (1× and 10×) induces pulmonary EC dysfunction leading to a blunted HPV, to an abnormal expression of adhesion molecules, and to ER stress, a phenomenon not found with imatinib.
Dasatinib-induced apoptosis in cultured human pulmonary ECs, independent of its action on Src family kinases. We next assessed dasatinib-induced pulmonary EC dysfunction by studying its direct effect on primary cultures of human pulmonary ECs in vitro. We treated cultured pulmonary ECs, generated from human lung specimens, with either vehicle, dasatinib (doses of dasatinib were chosen based on its pharmacokinetic profile: 4, 40, and 400 nM), or imatinib as previously described (19) (20) (21) (22) (23) (24) . Interestingly, we showed that in vitro dasatinib treat- we first examined the role of the Src family tyrosine kinase in the dasatinib-induced pulmonary EC apoptosis. We used the selective inhibitor of Src family tyrosine kinase Src inhibitor-1, which suppresses Src kinase activity in pulmonary ECs exposed to a growth factor cocktail ( Figure 4 , A and B). By treating cultured ECs isolated from human control lungs with Src inhibitor-1, we did not observe any apoptotic effect as assessed by the number of apoptotic cells assessed by Hoechst staining ( Figure 4C ), caspase-3/7 activity ( Figure 4D ), and annexin V/propidium iodide coimmunostaining ( Figure 4E ). Thus, these results strongly support that dasatinib-induced pulmonary EC apoptosis is independent of Src inhibition.
Dasatinib induces apoptosis in cultured human pulmonary ECs through mitochondrial ROS production. Since oxidative stress is an important determinant of endothelial dysfunction and vascular injury and intracellular ROS potently stimulate EC adhesion molecule expression (25, 26) , we hypothesized that dasatinib may lead to increased intracellular ROS in pulmonary ECs, thereby inducing EC apoptosis. Double staining on rat lungs with the endothelial marker vWF and 8-oxo-2′-deoxyguanosine (8-oxo-dG), a marker of DNA oxidation, revealed that in vivo dasatinib treatment led to an increased expression of 8-oxo-dG in pulmonary ECs in comparison with vehicle-and imatinib-treated rats ( Figure 5A ). Consistently with a previous study (27) , we also found significant increased levels of oxidized proteins (protein carbonyl products) and glutathione in lung homogenates from rats treated with dasatinib compared with vehicle or imatinib ( Figure 5B ), in a dose-dependent manner. Moreover, intracellular ROS were also measured by 2 different detection methods, namely fluorogenic probes (CellRox) and dihydroethidium, in cultured human pulmonary ECs, confirming a dose-dependent dasatinib-induced increase in endothelial ROS ( Figure 5C ).
To test whether this increased ROS production was due to an intracellular altered balance between pro-and antioxidant enzymes, we measured the mRNA levels of NADPH oxidase 4 (NOX4), NO synthase 2 (NOS2), heme oxygenase 1 (HMOX1), GA-binding protein α chain (GABPA), flavin-containing monooxygenase 2 (FMO2), catalase (CAT), glutathione peroxidase 1 (GPX1), and superoxide dismutase 1 (SOD1) in rat lung homogenates. We found no difference between in vivo vehicle, dasatinib, and imatinib treatments, suggesting that the increased ROS that we observed in vivo and in vitro were due to an increased dasatinib-induced production by pulmonary ECs ( Figure 5D ). We then hypothesized that dasatinib induces increased mitochondrial ROS production in pulmonary ECs. To test this hypothesis, we subjected cultured pulmonary ECs to a mitochondrial ROS fluorescent probe and stained them with a fluorescent mitochondrial marker. We found that dasatinib in vitro treatment led to a dose-dependent increase in mitochondrial ROS production ( Figure 5E ). We next examined the functional importance of this ROS production. We found that dasatinib-induced ROS production caused pulmonary EC apoptosis, in contrast to vehicle-and imatinib-treated ECs: indeed, preincubation of pulmonary ECs for 16 hours with the antioxidative agent N-acetylcysteine markedly inhibited dasatinib-induced pulmonary EC apoptosis ( Figure 5, F-H) . Overall, our findings provide in vitro evidence that dasatinib stimulates mitochondrial ROS production in a dose-dependent manner, which leads to pulmonary EC apoptosis in vitro.
Patients with CML treated with dasatinib display increased serum sICAM-1, sVCAM-1, and sE-selectin concentrations. Finally, we validated our results supporting that dasatinib could have a potential role as an inducer of pulmonary endothelial toxicity in humans. We measured circulating levels of sICAM-1, sVCAM-1, and sEselectin in patients with chronic myelogenous leukemia (CML) (without PAH) at diagnosis, in CML patients treated with TKIs for less than 3 months, either with imatinib or dasatinib, and in healthy subjects. We found that CML patients treated with dasatinib displayed higher levels of sICAM-1, sVCAM-1, and sE-selectin compared with CML patients at diagnosis, imatinib-treated CML patients, or healthy subjects ( Figure 6 ). These results, consistently with our in vivo and in vitro data, support the notion that dasatinib induces endothelial dysfunction and therefore may contribute to dasatinib-induced PAH.
Discussion
Our present report demonstrates that pretreatment of rats with dasatinib increases susceptibility to experimental PH, which closely mimicks the findings observed in humans. We studied rats treated or not treated with dasatinib or imatinib, with or without exposure to MCT or chronic hypoxia, 2 known inducers of PH. We performed in vitro studies on primary early-passage cultures of ECs isolated from human lung tissues. Interestingly, we found that dasatinib leads to increased levels of circulating markers of endothelial dysfunction or vascular injury in humans and rodents and induction of chronic ER stress and oxidative stress, in contrast to imatinib. We also found in vitro that dasatinib induces pulmonary EC apoptosis in a dose-dependent fashion, through production of ROS. In an effort to identify the mechanism(s) responsible for the pulmonary vascular safety issues in dasatinib-treated patients, we examined serum specimens from CML patients treated with dasatinib or imatinib. We showed significant elevations of circulating sICAM-1, sVCAM-1, and sE-selectin in the serum of CML patients treated with dasatinib compared with CML patients treated with imatinib, further supporting the notion that dasatinib could lead to vascular injury and EC dysfunction and damage.
It is known that dasatinib is a cause of drug-induced PAH, in addition to evidence supporting its beneficial effects in experimental models (8, 28) : between November 2006 and September 2010, 9 cases treated with dasatinib at the time of PAH diagnosis were identified in the French PH Registry (9). These published cases of dasatinib-associated PAH were characterized by rapid clinical, functional, and hemodynamic improvements within 4 months of dasatinib discontinuation in 8 patients (9) . However, after a median follow-up of 9 months, most patients did not demonstrate complete recovery, and 2 patients died. Today, more than 100 cases of dasatinib-induced PAH have been submitted for European pharmaceutical vigilance, and key questions remain regarding the long-term evolution of PAH hemodynamics and the mechanism(s) involved. As a result, we lack effective markerbased screening strategies and mechanism-based treatment options for PAH occurring in dasatinib-treated patients.
Our results, showing a direct endothelial toxicity induced by dasatinib, strongly support the hypothesis that dasatinib may increase the risk of developing PAH in the presence of an as-yet unrecognized second "hit" (i.e., genetic and/or environmental factors) (Supplemental Figure 4) . Indeed, increased pulmonary EC injury and apoptosis are known to act as triggers to initiate PAH (29) (30) (31) . Consistent with this notion, we show that pretreatment of rats with dasatinib (at a dose of 1× or 10×), but not imatinib, increases MCT-and chronic hypoxia-induced PH. In contrast, a beneficial effect of imatinib in our MCT-and chronic hypoxiainduced PH was noted, an observation that is consistent with findings of previous studies (22, 28, 30, 32) . Overall, our work therefore supports the notion that a dose-response relationship may exist between the dose of dasatinib and the vascular safety issues observed in dasatinib-treated patients. However, further studies are clearly needed to validate this idea. In addition, our observations obtained with dasatinib pretreatments in rats also suggest that patients treated with dasatinib are likely more susceptible to develop PH in response to other environmental risk factors, such as hypoxia or certain other toxins.
Because plasma dasatinib pharmacokinetics varies over time after oral administration with a peak plasma concentration (~90 nM) 0.5-3 hours after oral administration (33) , inhibition of different receptor and/or nonreceptor tyrosine kinases can be responsible for the vascular safety issues in dasatinib-treated patients. Indeed, dasatinib is rapidly absorbed and distributed in the extravascular space and is highly protein bound (~94%), which results in a large volume of distribution of 2,505 L and a half-life of 3-5 hours (34) . Moreover, dasatinib is extensively metabolized in the liver, predominantly by cytochrome P450 3A4 (CYP3A4) (34, 35) . Therefore, to unravel the mechanism(s) responsible for the vascular safety issues in dasatinib-treated patients, we have used primary early-passage (<5) cultures of human pulmonary ECs exposed or not exposed to increasing doses of dasatinib. In addition, imatinib that reaches concentrations of approximately 5 μM in patient plasma was used as a TKI control in our experiments (33, 36) . Our data show that dasatinib treatment induces pulmonary EC apoptosis in a dose-dependent manner, whereas imatinib has no apparent effect. In order to identify the specific receptor and/or nonreceptor tyrosine kinases responsible for this phenomenon, we focused our attention on Src kinase. Indeed, Nagaraj et al. (37) have demonstrated that inhibition of Src with 30 μM of PP2 or with 100 μM of dasatinib causes a substantial increase in the PAP of isolated perfused mouse lungs via the control of members of the 2-pore domain potassium channel family in human pulmonary artery smooth muscle cells (37) . However, herein, we found that HPV was significantly attenuated in rats treated with a high dose of dasatinib. Consistent with our findings, we demonstrate that dasatinib-mediated apoptosis in pulmonary ECs is not dependent on Src kinase inhibition. Two-pore domain potassium channels are known also to be potential regulators of apoptotic cell death; thus we cannot exclude that their inhibition may also partly contribute to dasatinib-mediated apoptosis in pulmonary ECs (38) (39) (40) (41) (42) . In contrast to imatinib, we interestingly demonstrate that dasatinib treatment causes a rapid and dose-dependent increase in ROS generation that may cause the Methods Study population. Blood samples were taken from CML patients at diagnosis (SPIRIT, ClinicalTrials.gov NCT00219739) or CML patients treated with a standard dose of dasatinib or imatinib for less than 3 months (OPTIM Dasatinib, EudraCT 2008-006854-17, and OPTIM Imatinib, EudraCT 2010-019568-35) (Supplemental Table 1 ). All patients gave informed consent before the study.
Animals and in vivo treatment. Young male Wistar rats (100 g; Janvier Labs) were treated daily with a single i.p. injection of dasatinib, imatinib, or vehicle (DMSO) for 4 weeks (group A). An additional group of rats were pretreated 1 week with dasatinib (1 or 10 mg/kg/d), imatinib (20 mg/kg/d), or vehicle (DMSO) and studied either 3 weeks after a single s.c. injection of MCT (40 mg/kg; Sigma-Aldrich) or vehicle, or 3 weeks after chronic exposure to hypoxia (10% oxygen) or in room air (group B). A sensible ultra-performance liquid chromatography-tandem mass spectrometry method was used for the quantification of dasatinib active metabolite in rat plasma (43) . Animals were anesthetized with isoflurane. A polyvinyl catheter was introduced into the right jugular vein and pushed through the right ventricle into the pulmonary artery. Cardiac output in rats was measured using the thermodilution method. After measurement of hemodynamic parameters, the thorax was opened and the left lung immediately removed and frozen. The right lung was fixed in the distended state with formalin buffer. The right ventricular hypertrophy was assessed by the Fulton index (weight ratio of right ventricle and [left ventricle + septum]), and the percentage of wall thickness ([2 × medial wall thickness/external diameter] × 100) and of muscularized vessels was calculated as previously described (19, 20, 22, 23) .
Assessment of HPV. Pulmonary vascular reactivity was assessed in anesthetized rats that were first ventilated with room air (baseline) and then exposed to 10 minutes of ventilation with hypoxic gas mixture (10% oxygen, 90% nitrogen). Three similar successive hypoxic challenges were repeated in each rat.
Isolation and culture of human pulmonary ECs. Human pulmonary ECs were isolated and cultured as previously described (19) (20) (21) (22) (23) (24) . For the in vitro studies, we used lung specimens obtained during lobectomy or pneumonectomy for localized lung cancer in control subjects. Preoperative echocardiography was performed in these control patients to rule out PH. The lung specimens from the controls were collected at a distance from the tumor foci. The absence of tumoral infiltration was retrospectively established in all tissue sections by the histopathological analysis.
dose-dependent induction of apoptosis. The fact that there is significant interindividual variation in responses and susceptibility to oxidative stress together with the presence or absence of another environmental risk factor for PAH may partly explain the incidence of PAH occurring in patients exposed to dasatinib. In addition, individual patient variability in absorption, distribution, and metabolism as well as genetic or demographic differences between individuals could also impact on this vascular safety issue observed in dasatinib-treated patients. Substantial work remains to be done to better understand the mechanisms by which dasatinib leads to generation of mitochondrial ROS to protect the pulmonary endothelium.
Together, our work underscores that dasatinib, in contrast to imatinib, causes pulmonary vascular damage and aggravates experimental PH through production of mitochondrial ROS, providing promising perspectives for a better understanding and management of patients treated with dasatinib. , and sE-selectin (C) in CML patients at diagnosis (n = 17), in CML patients treated with dasatinib or imatinib after less than 3 months of therapy (n = 24 and 14, respectively), and in healthy subjects (n = 39). Horizontal lines display the mean ± SEM. **P < 0.01, ****P < 0.0001 vs. healthy subjects; # P < 0.05, ## P < 0.01, #### jci.org Volume 126
Number 9 September 2016 cellular ROS in cultured human pulmonary ECs. Cells (10,000 cells/ ml) were seeded in a Lab-Tek Chamber Slide and treated with dasatinib (4, 40, 400 nM in media containing 1% serum) and imatinib (5 μM in media containing 1% serum) for 30 minutes at 37°C. DHE (10 μM) was added and incubated for 20 minutes at 37°C. After incubation, the cells were washed twice with PBS, and the Lab-Tek Chamber Slide was mounted with ProlonGold antifade reageant (Thermo Fisher Scientific). The mean of fluorescence is proportional to the intracellular superoxide production. CellRox (Thermo Fisher Scientific) was used to estimate a cytoplasmic superoxide production in cultured pulmonary ECs. Cells (10,000 cells/ml) were seeded in a Lab-Tek Chamber Slide and treated with dasatinib (4, 40, 400 nM in media containing 1% serum) and imatinib (5 μM in media with 1% serum) for 30 minutes at 37°C. CellRox (10 μM) was added and incubated for 30 minutes at 37°C. After incubation, the cells were washed with PBS, and the Lab-Tek Chamber Slide was mounted with ProlonGold. The mean of fluorescence is proportional to the cytoplasmic superoxide production. Fluorescence was monitored with a Nikon Eclipse 80i microscope.
MitoSOX Red (Thermo Fisher Scientific) was used to detect mitochondrial superoxide production. Briefly, 5.0 μM MitoSOX was used in the presence of a mitochondrial-selective fluorescent label MitoTracker Green (200 nM; Thermo Fisher Scientific) for 25 minutes. Subsequently, cells were washed in HBSS and mounted with ProlonGold. Images were taken using an LSM700 confocal microscope (Zeiss).
Statistics. Statistical significance was tested using the nonparametric Mann-Whitney U test or 2-way ANOVA with Bonferroni post hoc tests. Significant difference was assumed at a P value less than 0.05. Continuous data are expressed as mean ± SEM of 3 independent experiments, each performed in triplicate or quintuplicate. A P value less than 0.05 was considered statistically significant. Analyses were performed using GraphPad Prism 5.0.
Study approval. All animals were treated in accordance with the Guide for the Care and Use of Laboratory Animals as adopted by INSERM, and approval was granted by the Ethics Committee of Université Paris-Sud, Le Plessis-Robinson, France. In addition, all the experiments with human specimens were approved by the local ethics committee (Comité de Protection des Personnes [CPP] Ilede-France VII, Le Kremlin-Bicêtre, France; and CPPs from Lille, Poitiers, and Bordeaux, France). All patients gave informed consent before the study.
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The isolated pulmonary ECs were strongly positive for acetylated LDL coupled to Alexa 488, vWF, and CD31 and for Ulex europaeus agglutinin-1 and negative for α-smooth muscle actin. The cells were used at a passage less than 5.
Real-time quantitative PCR. Levels of lung mRNA encoding NOX4, NOS2, HMOX1, GABPA, FMO2, CAT, GPX1, and SOD1 were measured by real-time quantitative PCR according to the method previously described (23, 44, 45) .
Western blot, ELISA, and immunostaining. The primary antibodies used in this study are listed in Supplemental Table 2 . Cells and tissues were homogenized and sonicated in RIPA buffer containing protease and phosphatase inhibitors, and 30 μg of protein was used to detect phospho-ERK1/2, ERK2, XBP1, GRP78, ATF6, eIF2α (Santa Cruz Biotechnology), phospho-Src, Src, phospho-eIF2α (Cell Signaling Technology), and β-actin (Sigma-Aldrich) as previously described (19) (20) (21) (22) (23) (24) . The activity of Src in 30 μg of cell lysates was determined using the Src kinase assay kit (CycLex Co.). Concentrations of sICAM-1, sVCAM-1, and sE-selectin in human serum were evaluated using a specific ELISA kit (R&D Systems) according to the manufacturer's instructions. Concentrations of sICAM-1, sVCAM-1, sE-selectin, and protein carbonyl in rat serum and glutathione in lung homogenates were evaluated using ELISA kits for rat sICAM-1 (BosterBio), sVCAM-1, and sE-selectin (Cusabio), for protein carbonyl (Cell Biolabs), and for glutathione (Enzo Life Sciences) according to the manufacturers' instructions. IHC and immunocytofluorescent staining for ICAM-1, E-selectin, α-smooth muscle actin, CD68, and 8-oxo-dG (Santa Cruz Biotechnology), VCAM-1 (Abcam), and CD3 and CD45 (BD Pharmingen) were performed as previously described (19, 20, 22, 23) .
Apoptosis detection. Cells were counted using pictures taken with a microscope. The cells were counted per field. Hoechst 33342 (Thermo Fisher Scientific) was used to detect apoptosis. Cells (10,000 cells/ ml) were seeded in a 4-well Lab-Tek Chamber Slide and treated with dasatinib (4, 40, 400 nM in media with 1% serum) and imatinib (5 μM in media containing 1% serum) for 2 hours at 37°C. Cells were fixed with ice-cold methanol for 10 minutes. The pictures were taken with a Nikon Eclipse 80i microscope (Nikon Instruments Europe BV). Nuclei were scored as either normal (uncondensed chromatin with bright blue fluorescence) or apoptotic (highly condensed chromatin with bright blue fluorescence).
To measure activity of caspase-3/7 using an Apo-ONE kit (Promega), cells were seeded in a 96-well plate. After treatment with dasatinib and imatinib for 2 hours in media containing 1% serum, the specific reagents were added in every well as recommended by the manufacturer. For N-acetylcysteine treatment, cells were pretreated before being exposed to 400 nM dasatinib. The fluorescence was monitored by EnVision (PerkinElmer). The mean of fluorescence is proportional to the apoptosis.
The annexin V-FITC assay was used to validate the presence of apoptosis. Floating cells were collected with adherent cells harvested by trypsin/EDTA treatment and stained with annexin V-FITC (BD Biosciences), then analyzed by flow cytometry MACSQuant (Miltenyi Biotec). In each sample, at least 10,000 cells were counted by FACS analysis.
In addition, we conducted TUNEL staining using the ApopTag red in situ apoptosis detection kit (Chemicon) according to the manufacturer's instructions. The number of TUNEL-positive nuclei per total number of nuclei was counted.
Fluorescent detection of ROS. The superoxide indicator dihydroethidium (DHE; Thermo Fisher Scientific) was used to evaluate intra-
